enhance mechanical resistance of coatings or protect them against changes caused by external factors, including UV light and water (Van Broekhuizen, 2012a) . Nanomaterials used most commonly in the furniture industry include SiO 2 , TiO 2 , ZnO, CeO 2 , Ag, and CuO (Van Broekhuizen, 2012b) . SiO 2 nanoparticles are added to lacquers to provide coatings with enhanced hardness and scratch resistance (Van Broekhuizen, 2012b) . Moreover, Zubielewicz (2008) stated that they positively affect rheological properties of lacquers and reduce blistering of coatings as a result of water action. Nanoparticles of SiO 2 may also be added to lacquer products to improve water resistance of the surfaces. Inorganic compounds such as ZnO, TiO 2 , SiO 2 , Al 2 O 3 , and CeO 2 have been applied to improve resistance to atmospheric conditions, including light (Hongying et al., 2004; Nowaczyk-Organista, 2008 , 2009 Van Broekhuizen, 2012a) . In order to obtain surface resistance to bacterial activity, nanosilver is added (Gupta and Silver, 1998; Ruben et al., 2005; Liau et al., 2007; Zhang et al., 2007; Rai et al., 2009; Van Broekhuizen, 2012a) .
Although an analysis of the literature on nanotechnology is astounding, the effect of nanoparticles on living organisms and the natural environment has not been fully clarified (Oberdörster et al., 2005; Adams et al., 2006; Borm et al., 2006; Hong et al., 2006; Gwinn and Vallyathan, 2006) . Van Broekhuizen (2012b) stated that workers in furniture production plants are particularly exposed to nanoparticles, while exposure of end users is slight.
Lacquer products modified with nanoparticles are the latest products launched on the market. Thus, they provide an excellent marketing edge. In general, these products are more expensive than the conventional equivalents, and as a result, furniture manufacturers and their customers may assume they are superior or more eco-friendly and healthier. Van Broekhuizen and Van Broekhuizen (2009) reported that the prefix nano-is considered to be an equivalent to the phrases success, high-quality, and sustainable development.
For these reasons it seems essential to determine the influence of lacquer products containing nanoparticles used to finish surfaces of furniture and other interior design elements on concentrations of volatile organic compounds (VOCs) in indoor air.
The primary objective of the study was to determine the effect of lacquer products containing nanoparticles of inorganic metal compounds used in the furniture industry on emissions of volatile organic compounds. The conducted analyses included qualitative and quantitative analyses of volatile organic compounds released by lacquer coatings applied on pine wood surfaces and the assessment of the dynamics of change in VOC levels in the first 3 months following application (within the first 10 days and after 30, 60, and 90 days).
Materials and testing methods

Sample preparation
The experimental material comprised wood samples of Scots pine (Pinus sylvestris L.). Samples of 280 × 200 × 16 mm were prepared under industrial conditions. They were produced from strips 100 mm wide that were dried in a chamber drier (Hamech SK 55, Hajnówka, software by Automatem) and then glued with polyvinyl acetate adhesive. The wood surface was polished with sandpaper (180 and 220 grit). Mean moisture content of samples, determined by the drier-gravimetric method according to the standard PN-77/D-04100, was 7.5%. Density, determined by the stoichiometric method according to the standard PN-77/D-04101, was 569 kg/m 3 . Then prepared pine wood samples were coated with lacquer coatings. Analyses of VOC emissions from lacquer coatings containing nanotechnological solutions included tests of four commercially available products (nano1, nano2, nano3, nano4). The selected products were transparent lacquers used in finishing surfaces of wood materials, for indoor use, produced from various wood species, in accordance with recommendations of the manufacturers. They were multilayer lacquers applied as basecoats and topcoats. Tested products came from various producers.
Lacquer products were applied to pine wood surfaces with a brush, while oil was rubbed into the wood using a rag. The products were applied at approximately 110 g/m 2 . According to the manufacturer, optimal surface protection of the flame retardant is provided by the application of approximately 250-300 g/m 2 . For this reason, nano4 was applied at 250 g/m 2 . Detailed information concerning the physicochemical properties of the lacquer products tested is presented in Table 1 .
According to the manufacturer, lacquer nano1 containing SiO 2 nanoparticles is recommended for painting elements produced from various wood species for use indoors and where there is exposure to water or other aggressive agents. It is recommended for use in hospitals, nurseries, kindergartens, schools, and housing facilities, i.e. locations in which enhanced mechanical resistance and hardness of lacquer coatings as well as extended performance life are required. It is advertised as a hypoallergenic product. Lacquer nano2, containing Ag nanoparticles, is recommended for lacquering furniture and elements from different wood species used in public buildings, hospitals, clinics, waiting rooms, schools, and kindergartens. According to the producer, it exhibits enhanced resistance to light and provides long-term protection of the surface against colonisation and development of bacteria and fungi.
Solvent oil nano3 containing TiO 2 nanoparticles is recommended to protect hardwood elements, including wood of exotic species. It provides enhanced resistance to water and sunlight.
The product nano4, expanding flame retardant lacquer, effectively protects surfaces of wood elements and woodbased materials against fire and serves as decorative lacquer. It is recommended for indoor applications, particularly in public buildings, ships, railway carriages, and aircraft.
Chamber tests
Tests were conducted in a 0.225 m 3 glass chamber under the following conditions: temperature = 23 °C ± 1 °C, relative humidity = 45 ± 1%, air exchange rate n = 1 h Air samples were collected by Tenax TA after 24, 72, 120, 168, and 240 h and after 30, 60, and 90 days (for measurements between 30 and 90 days, ±3 days) starting from the time of finishing with lacquer products. In each case three simultaneous air samples of 1000 mL were collected at a rate of 100 mL/min; air constituting the chamber background was collected with a FLEC pump (Chematec ApS).
TD/GC/MS analyses
The chromatographic analyses of adsorbed analytes were performed on a gas chromatograph coupled with a mass spectrometer and a thermal desorber under conditions specified in Table 2 .
Individual compounds were identified by comparing the obtained mass spectra with the spectra stored at the NIST MS search library (program version 1.7) and were confirmed by juxtaposing mass spectra and retention times of the identified compounds with the spectra and retention times of appropriate standards.
Quantitative analyses of VOCs emitted from the examined wood surfaces were carried out by adding the 4-bromofluorobenzene standard (Supelco).
Results
In order to provide more detailed characteristics of the wood material used in the analyses and to determine the source of identified compounds, VOC emissions from pine wood were determined prior to the finishing processes. Results of these tests are given in Table 3 . Analyses of products containing nanoparticles showed that emission of volatile substances from coatings may change within a very broad range of values. After 24 h VOC concentration in the air of the chamber containing pine wood samples coated with nano1 amounted to 1828 µg/ m 3 . In the case of lacquer coating with nano2 it was lower, amounting to 1459 µg/m 3 . Samples coated with the nano3 oil emitted volatile substances at 969 µg/m 3 , while those coated with the flame retardant nano4 emitted 307 µg/m 3 . As far as the composition of volatile substances emitted by tested coatings is concerned, similar differences were reported. Lacquer coatings of nano1 released the greatest amount of alcohols, glycols, esters, and aromatic hydrocarbons. The dominant components of emissions were 1-butanol, toluene, butyl acetic acid ester, 2-butoxyethanol, and 1-butoxy-2-propanol.
Lacquer coatings of nano2 also emitted large amounts of alcohols, aromatic hydrocarbons, and esters. The tested air contained considerable amounts of 1-butanol, toluene, butyl acetic acid ester, ethylbenzene, xylene isomers, and n-butyl acrylate.
Volatile substances released by wood finished with the nano3 oil containing ZnO nanoparticles were composed mainly of aldehydes and aliphatic hydrocarbons. Moreover, a small amount of aromatic hydrocarbons was also detected. Samples refined with the nano3 oil released the greatest amount of pentanal, hexanal, 2,2,4,6,6-pentamethylheptane, and n-undecane.
Among the tested products containing nanoparticles the smallest amount of volatile substances was released to the air by the flame retardant lacquer coatings. These coatings also released the smallest spectrum of volatile compounds. The main emission components included 2-butoxyethanol and ethylene glycol. Moreover, they emitted slight amounts of 1-buthanol and 3-hydroxy-2-butane.
In the tested air samples, compounds coming from wood, mainly terpenes, aldehydes, and ketones, were also detected. Samples covered with coatings of nano1 released smaller amounts of terpenes and acetone, while the amounts of hexanal were greater than those from unfinished wood. Coatings of nano2 also reduced emissions of terpenes from wood, but caused an increase in the amount of acetone in the air. In turn, the nano3 oil reduced emissions of acetone and terpenes, while it constituted an additional source of emission for hexanal and other aldehydes. The greatest limitation of emissions of volatile substances from the wood interior was provided by the flame retardant. Coatings of nano4 definitely limited emissions of most compounds released by wood. This was probably due to the amount of lacquer applied to the wood surface, which was over 2-fold greater than in the case of the other products.
When analysing concentrations of individual compounds emitted by tested coatings it was found that most of these emissions decreased within the first 72 h. In some cases only a slight increase in hexanal emission was observed.
Total concentration of emitted volatile substances from the nano1 coating decreased by 27% within the first 72 h of sample exposure in the chamber. After 240 h of exposure concentrations of these compounds were even lower. The decrease in the amounts of released volatile substances was 65% in relation to the concentrations measured after 24 h. In the case of the nano2 coatings the degree of reduction of released compounds was similar; 27% after 72 h and 69% after 240 h. Emissions of volatile substances from the layers of the nano3 oil after 72 h exposure were reduced by 22%; after 240 h, by 67%. The decrease in the amounts of compounds released by the flame retardant coatings, which had the lowest emissions after 24 h, was the smallest. After 72 h it amounted to 17%, while after 240 h it was 57%.
After 30 days, the concentrations of all compounds emitted by the tested surfaces ranged from 81 to 237 µg/ m 3 , depending on the type of applied lacquer, while within the next 90 days it changed to 42-101 µg/m 3 . The dynamics of change in the 90-day period for concentrations of volatile organic compounds from lacquer coatings containing nanoparticles are presented in the Figure. 
Discussion
At present, studies on lacquer products dedicated to finishing furniture surfaces and containing nanoparticles of inorganic metal focus mainly on analysis of their physicomechanical, optical, and thermal properties. Results of such analyses have been presented in numerous publications (Bauer et al., 2009; Sow et al., 2010 Sow et al., , 2011 Cristea et al., 2011; Salleh et al., 2013) . The effect of products containing nanoparticles on the indoor microclimate and the health of occupants has not been described. It is essential to analyse volatile emissions from lacquer products, since numerous studies show that volatile organic compounds may have a significant effect on human health (Brinke et al., 1998; Hunter and Oyama, 2000; Mølhave, 2003; Katz et al., 2006) . However, Saber et al. (2012a Saber et al. ( , 2012b showed that there may be a significant difference between exposure to pure nanomaterials and exposure to nanomaterials embedded in a coating. Analyses of emissions of volatile organic compounds from conventional lacquer products, with no nanoparticles added, applied in the furniture industry have been conducted for several years (Salthammer, 1996 (Salthammer, , 1997  Figure. Dynamics of changes in concentrations of VOCs from lacquer coatings containing nanoparticles over 90 days. Salthammer et al., 1998; Dziewanowska-Pudliszak, 2007; Uhde and Salthammer, 2007) . Analyses of VOC emissions from coatings of conventional waterborne lacquers, based in acrylic resin and containing no nanoparticles, were presented by Dziewanowska-Pudliszak (2007) , Salthammer (1999) , Stachowiak-Wencek and Prądzyński (2011), and Stachowiak-Wencek et al. (2014) . A study by Dziewanowska-Pudliszak (2007) on coatings of waterborne acrylic lacquer applied to different wood species showed that VOC emission from coatings on pine wood amounted to 1584 µg/m 3 after 24 h of exposure, while emissions from coatings on larch, oak, and beech wood were lower, ranging from 122 to 829 µg/m 3 . Stachowiak-Wencek and Prądzyński (2011) reported that concentrations of volatile substances from waterborne lacquer coatings applied to an oak wood surface after 24 h of exposure ranged from 388 to 1794 µg/m 3 . In turn, a study by Salthammer (1999) showed that emissions of volatile organic compounds from UV-cured lacquer coatings may be around 296 µg/m 3 . A similar volatile organic compound emission level from coatings of UV-cured lacquers based on unsaturated acrylic oligomers was reported by Stachowiak-Wencek et al. (2014) . The concentration of volatile substances from tested coatings was 251-557 µg/m 3 . A significant role was played by the lacquer product composition as well as the type of surface to which the coatings were applied. Similar to Dziewanowska-Pudliszak (2007) , Stachowiak-Wencek et al. (2014) stated that the greatest amounts of volatile substances were released by the coatings on pine wood.
Emissions of volatile substances from coatings of waterborne lacquer modified with SiO 2 nanoparticles (nano1) were relatively high compared with the results presented in the literature for conventional products. However, it should be stressed that the contribution of lacquered furniture to air pollution depends not only on the chemical composition of the lacquer product and its solvent content, but also the thickness of the coating and coating application, curing, and drying conditions.
In turn, lacquer coatings based on polyurethane-acrylic resin modified with silver nanoparticles (nano2) were characterised by relatively low emissions in comparison to literature data (Salthammer, 1999; DziewanowskaPudliszak, 2007; Stachowiak-Wencek and Prądzyński, 2012 , depending on the wood species to which they were applied. The highest values for polyurethane lacquer coatings were recorded by Salthammer (1999) at 9472 µg/m 3 . Tests of wood products finished with natural oils were conducted by Guo and Murray (2001) , Hansen (2001) , and Kirkeskov et al. (2009) . Guo and Murray (2001) tested three typical furniture polishes. One was an aerosol spray, one was an emulsion polish, and one was a solvent polish. Those products contained natural oils and waxes as their main ingredients. The maximum total volatile organic compounds (TVOCs) concentration from the emulsion polish was 4520 µg/m 3 and from the solvent furniture polish it increased rapidly to a maximum value of 584 µg/ m 3 . The health effects of elements produced from exotic wood covered with oils were assessed by Kirkeskov et al. (2009) , who tested five commercial products. Total amounts of emitted volatile compounds ranged from 10 to 6445 µg/kg. Results of analyses concerning emission of aldehydes and aromatic hydrocarbons from beech wood coated with linseed oil products were presented by Hansen (2001) . Aldehyde emission from these products in the first stage of analyses (after 4 days) ranged from 300 to 550 µg/ m 2 /h. In turn, emission of aromatic hydrocarbons was higher, amounting to 2100-6000 µg/m 2 /h. Results of analyses presented in this study confirm the need to investigate VOC emission from lacquer products modified with nanoparticles, which are the most advanced commercial products available and considered the future products of choice. Studies determining VOC emissions from lacquer products used in surface finishing of furniture and other interior design elements are a necessary precondition for prospective actions aimed at improved hygienic standards in housing and public facilities.
Conclusions 1. Testing results indicate that lacquer products modified
with inorganic metal compounds may contribute to air contamination with volatile organic compounds. Concentrations of these compounds released from tested coatings varied. Average TVOC ranged from 307 to 1829 µg/m 3 after 24 h of exposure in the chamber. 2. The spectrum of identified compounds was consistent with previous analyses of VOCs in indoor air. The tested air contained aldehydes, esters, ketones, aliphatic, and aromatic hydrocarbons, alcohols, glycols, and terpenes. The composition of emissions was dependent on the type of lacquer used. 3. We found a significant time effect on contents of volatile organic compounds in the testing chamber. The greatest reduction of emissions was recorded during the first 7 days (168 h) from sample preparation. If producers want to launch wood products finished with lacquer coatings that are safe for user health and meet hygienic standards they should subject them to at least 7-day conditioning. 4. The study confirmed the need to study the qualitative and quantitative characteristics of harmful substances emitted by nanoparticle-modified lacquer products. The level of VOC emissions from these products should be supervised by sanitary monitoring units similar to those used in conventional products, since they have only recently been introduced and are advertised as new generation products. Studies showed that among such products we may find some with low and some with high emission levels. Appropriate selection of a product for refining furniture surfaces makes it possible to reduce the emission of volatile substances, particularly in the initial period of their use.
